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PROGRAMMABLE SEGMENTED 
DIGITAL-TO-ANALOG CONVERTER (DAC) 

PRIORITY CLAIM AND RELATED 
APPLICATION 

This application claims priority under 35 U.S.C. 119(e) to 
Us. Provisional Patent Application No. 61/224,373, entitled 
“Programmable Segmented Digital-to-Analog Converter 
(DAC)”, ?led Jul. 9, 2009, Which is incorporated herein by 
reference. 

This application is related to commonly invented and com 
monly assigned U.S. patent application Ser. No. 12/607,924, 
entitled “Data Look Ahead To Reduce PoWer Consumption”, 
?led the same day as the present application, and Which is 
incorporated herein by reference. 

BACKGROUND 

FIG. 1 illustrates a current digital-to-analog converter 
(DAC) 100 that accepts a multi-bit digital input signal 102, 
and outputs an analog current 106 indicative of the digital 
input signal 102. In FIG. 1 the DAC 100 is shoWn as receiving 
10 bits, labeled D[9:0], Where bit position 0 is the least sig 
ni?cant bit (LSB) and bit position 9 is the most signi?cant bit 
(MSB). Thus, the DAC 100 can be referred to as a 10-bit 
DAC, or equivalently as a DAC having 10-bits of resolution. 
While DAC 100 is shoWn as having 10 bits of resolution, more 
or less bits canbe used, depending upon the desired resolution 
of the DAC. 

FIGS. 2A and 2B illustrate exemplary transfer functions 
for a DAC, also referred to as DAC transfer functions. More 
speci?cally, FIG. 2A illustrates a linear DAC transfer func 
tion 201, and FIG. 2B illustrates a non-linear DAC transfer 
function 211. The non-linearity of the transfer function 
shoWn in FIG. 2B can be due to component and/or current 
mismatches as Well as other non-idealities Within the DAC, as 
Will be appreciated from the discussion beloW. 

The current DAC 100 (Which Will simply be referred to 
hereafter as “the DA ”) can be implemented using multiple 
current sources, as is Well knoWn in the art. For example, the 
10-bit DAC 100 can include (2A10)—1 (i.e., 1023) equally 
Weighted current sources, Which are selectively turned on and 
off based on the digital input D[9:0], such that 2910 (i.e., 
1024) different analog current levels can be produced at the 
output of the DAC. Alternatively, less current sources can be 
used Where the current sources are appropriately differently 
Weighted. For example, as feW as 10 differently Weighted 
current sources may be used, each of Which is controlled by 
one of the 10 bits. Many variations of this are possible, as is 
Well knoWn in the art. 
One type of DAC is knoWn as a segmented DAC, because 

it essentially includes a plurality of sub-DACs that form the 
larger DAC. There are numerous Ways to implement a seg 
mented DAC, not all of Which are described herein. Typically 
each sub-DAC Will receive at least some of the bits of the 
digital data input (e.g., D[9:0]) and generate a current output 
in response to the digital input. The currents output by the 
plurality of sub-DACs are typically added to produce the 
output of the larger DAC. Each sub-DAC can receive a cor 
responding reference current Iref that is used by the sub -DAC 
to calibrate the internal current sources (Within the sub-DAC) 
that are used to convert a digital input to an analog output. The 
various reference currents Iref can be automatically adjusted, 
e.g., using feedback and/or a master reference current, in an 
attempt to compensate for component and current mis 
matches betWeen the sub-DACs, to attempt to cause the larger 
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2 
DAC to be substantially linear (e.g., so that transfer function 
of the larger DAC resembles line 201 in FIG. 2A). 
The above described segmented DACs are useful Where the 

desire is to provide a DAC having a substantially linear DAC 
transfer function. HoWever, that may not alWays be the desire. 

SUMMARY 

A segmented digital to analog converter (DAC), according 
to an embodiment of the present invention, includes a plural 
ity of sub-DACs, a DAC input adapted to receive a multi-bit 
digital input and a DAC output adapted to output an analog 
output current in response to and indicative of the digital 
input. Each sub-DAC is adapted to receive a separate refer 
ence current that speci?es a transfer function of the sub-DAC. 
A magnitude of the reference current provided to each sub 
DAC is separately programmable to thereby separately con 
trol a gain of each sub-DAC. 

In accordance With an embodiment, the segmented DAC, 
also simply referred to as the DAC, further includes a separate 
gain-DAC corresponding to each of the plurality of sub 
DACs. Each gain-DAC provides the reference current to its 
corresponding sub-DAC. In an embodiment, each gain-DAC 
receives at its input a digital value that speci?es the magnitude 
of the reference current that the gain-DAC provides to its 
corresponding sub-DAC. 

In accordance With an embodiment, the DAC also includes 
registers adapted to store a separate digital value for each of 
the gain-DACs. These stored digital values are used by the 
gain-DACs to generate the reference currents that are pro 
vided to the sub-DACs. A change to a digital value stored for 
one of the gain-DACs changes the reference current produced 
by the one of the gain-DACs, Which changes the gain of the 
sub-DAC that receives the changed reference current. This 
enables a transfer function of the DAC to be modi?ed in a 
piece-Wise linear manner by modifying one or more of the 
digital values stored in the registers, Which modi?es one or 
more of the reference currents provided by the gain-DACs to 
the sub-DACs. 

Embodiments of the present invention are also directed to 
methods for performing a digital to analog conversion using a 
digital to analog converter (DAC) including a plurality of 
sub-DACs. Such a method can include specifying a transfer 
function of each of the sub-DACs by providing a separate 
reference current to each of the sub -DACs, Wherein a magni 
tude of the reference current provided to each sub-DAC is 
separately programmable. The method can also include 
receiving, at an input of the DAC, a multi-bit digital input. 
One or more of the sub-DACs, or portions thereof, are selec 
tively turned based on the received digital input, to thereby 
produce one or more currents at outputs of the sub-DACs. At 
an output of the DAC, an analog output indicative of the 
digital input is produced by combining the currents produced 
by the sub-DACs. The method can also include storing a 
separately programmable digital value for each of the sub 
DACs, and separately producing each of the reference cur 
rents by separately converting each of the programmable 
digital values into one of the reference currents. Additionally, 
the method can include modifying the piece-Wise linear trans 
fer function of the DAC by modifying one or more of the 
separately programmable digital values. 
Embodiments of the present invention are also directed to 

systems that include one or more segmented DACs. In accor 
dance With an embodiment, a system includes a plurality of 
DACs, each of Which is adapted to receive a separate multi-bit 
digital input and output a separate analog output current in 
response to and indicative of the digital input received by the 
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DAC. The system also includes a plurality of a light emitting 
elements, each of Which produces light of a different Wave 
length (e.g., a red laser diode, a green laser diode and a blue 
laser diode), and each of Which is adapted to be driven in 
dependence on one of the analog output currents output by 
one of the DACs.At least one of the DACs includes a plurality 

of sub-DACs (i.e., is a segmented DAC), Where currents 
output by the sub-DACs are combined to provide the analog 
output current that is output by that DAC. Each sub-DAC is 
adapted to receive a separate reference current that speci?es a 
transfer function of the sub -DAC, Wherein a magnitude of the 
reference current provided to each sub-DAC is separately 
programmable to thereby separately control a gain of each 
sub-DAC. The system can also include one or more photo 
detectors adapted to detect a portion of the light produced by 
at least one of the light emitting elements (e. g., a green laser 
diode) and to produce a signal indicative of the light output by 
the light emitting element. 

Embodiments of the present invention are also directed to 
a method for performing a calibration of a system that 
includes a DAC including a plurality of sub-DACs, a light 
emitting element and at least one photo-detector. The DAC is 
adapted to receive a multi-bit digital input and to output an 
analog output current in response to and indicative of the 
digital input received by the DAC. Currents output by the 
sub-DACs are combined to provide the analog output current 
that is output by the DAC. The light emitting element is 
adapted to be driven in dependence on the analog output 
current output by the DAC. In an embodiment, such a method 
includes providing the DAC With a predetermined digital 
input that causes at least one of the sub-DACs to be turned 
fully on, all less signi?cant ones of the sub-DACs, if any, to 
also be turned fully on, and all more signi?cant ones of the 
sub-DACs, if any, to be turned fully off. A portion of the light 
produced by the light emitting element, in response to the 
predetermined digital input provided to the DAC, is detected 
to produce a signal indicative of an amount of light output by 
the light emitting element. A gain of the most signi?cant one 
of the sub-DACs that is turned fully on is adjusted so that the 
amount of light output by the light emitting element is Within 
a speci?ed tolerance of a predetermined amount of light 
Which is desired When the predetermined digital input is 
provided to the DAC. Such steps are preformed for each of the 
sub-DACs of the DAC each time a calibration of the system is 
to be performed. 

In accordance With an embodiment, a ?rst time the afore 
mentioned steps are performed, during a calibration, only the 
least signi?cant one of the sub-DACs is turned fully on and all 
of the more signi?cant ones of the sub-DACs are turned fully 
off. A second time the steps are performed, during the cali 
bration, only the ?rst and second least signi?cant ones of the 
sub-DACs are turned fully on and all of the more signi?cant 
ones of the sub-DACs are turned fully off . . . .A Mth time the 

steps are performed, during the calibration, the M least sig 
ni?cant ones of the sub-DACs are turned fully on and all of the 
more signi?cant ones of the sub-DACs are turned fully off . . 

. .A last time the steps are performed, during the calibration, 
all of the sub-DACs are turned fully on. In accordance With an 
embodiment, the predetermined digital inputs provided to the 
DAC during the calibration are programmed into the system. 
Such a calibration can be performed automatically by the 
system, e.g., during blanking periods of a video signal pro 
vided to the system. 

This summary is not intended to summariZe all of the 
embodiments of the present invention. Further and alternative 
embodiments, and the features, aspects, and advantages of the 
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4 
embodiments of invention Will become more apparent from 
the detailed description set forth beloW, the draWings and the 
claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a high level representation of a current digital-to 
analog converter (DAC) 100. 

FIG. 2A illustrates an exemplary linear DAC transfer func 
tion. 

FIG. 2B illustrates an exemplary nonlinear DAC transfer 
function. 

FIG. 2C is used to illustrate hoW embodiments of the 
present invention can be used to compensate for the non 
linearity of a load and/or system, to effectively achieve a 
substantially linear combined transfer function. 

FIG. 3 is a high level diagram of a segmented current DAC 
according to an embodiment of the present invention. 

FIG. 4 is a high level diagram of a miniature projector 
system according to an embodiment of the present invention. 

FIG. 5 is useful for explaining a calibration procedure 
according to an embodiment of the present invention. 

FIG. 6 is a high level How diagram that summarizes a 
calibration procedure according to an embodiment of the 
present invention. 

DETAILED DESCRIPTION 

As mentioned above, the various reference currents pro 
vided to sub-DACs of a segmented DAC can be automatically 
adjusted (e.g., using feedback and/ or a master reference cur 
rent) in an attempt to compensate for component and current 
mismatches betWeen the sub-DACs, to cause the larger DAC 
to be substantially linear (e. g., so that transfer function of the 
larger DAC resembles line 201 in FIG. 2A). While that may 
be useful to provide a DAC having a substantially linear DAC 
transfer function, such a transfer function may not alWays be 
desired. For example, Where a load (e.g., a green laser diode) 
that is being driven by a DAC has a non-linear transfer func 
tion, then the desire may be to specify a non-linear DAC 
transfer function that compensates for the non-linearity of the 
load being driven, to effectively cause the DAC and the load 
to collectively operate in a substantially linear manner. This 
can be appreciated from FIG. 2C. Referring to FIG. 2C, 
assume a load’s transfer function is represented by line 221, 
but the desire is that the load functions in a linear manner in 
response to a digital input signal. To achieve this, the desired 
DAC transfer function may resemble line 213, so that the 
effective transfer function of the DAC in combination With 
the load resembles line 223 in FIG. 2C. Embodiments of the 
present invention, described beloW, can be used to purposely 
achieve a DAC transfer function resembling line 213, or some 
other desired transfer function. More generally, embodiments 
of the present invention described beloW enable a DAC trans 
fer function to be programmed or otherWise controlled to 
achieve multiple different transfer functions. 

FIG. 3 illustrates a segmented DAC 300, according to an 
embodiment of the present invention. While the segmented 
DAC 300 is shoWn as including four sub-DACs 310_1, 
310_2, 310_3 and 310_4, more or less sub-DACs can be used. 
The sub-DACs may also be referred to as output sub-DACs, 
since they are being used to generate an analog output 306 of 
the larger DAC 300, in response to a digital input 302. 

Still referring to FIG. 3, the DAC 300 also includes a 
decoder 308, Which can be a thermometer decoder, but is not 
limited thereto. In accordance With an embodiment, the 
decoder 308 receives the log 2(N sub-DACs) MSBs of the 
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digital input signal 302. Thus, because in this example there 
are four sub-DACs, the decoder 308 receives the tWo MSBs 
D[918] of signal 302 (because the log 2(4):2). The remaining 
bits D[710] are provided to the inputs of each of the four 
sub-DACs 310. 

In FIG. 3, the decoder 308 decodes the tWo MSBs D[9: 8] to 
determine Which sub-DACs should be fully on, partially on, 
or fully off As the terms are used herein: a fully on sub-DAC 
produces a current at its output by sWitching to the output (of 
the sub-DAC) all of the current sources Within the sub-DAC; 
a partially on sub-DAC produces a current at its output by 
sWitching to the output (of the sub-DAC) only some of the 
current sources Within the sub -DAC; and a fully off sub -DAC 
produces no current at the output (of the sub-DAC) by not 
sWitching any of its current sources to the output of the 
sub-DAC. In the embodiment shoWn, the most signi?cant 
sub-DAC 310 selected by the decoder 308 is at least partially 
on (but can potentially be fully on, depending on D[7:0]). All 
of the less signi?cant sub-DACs (if any) Will be fully on, and 
all of the more signi?cant sub-DACs (if any) Will by fully off. 
As mentioned above, all of the sub-DACs 310 receive the 

bits not provided to the decoder 308. Thus, in FIG. 3, all of the 
sub-DACs receive the eight LSBs D[710]. The fully on sub 
DAC(s) Will essentially ignore the eight LSBs, because all the 
current sources Within a fully on sub-DAC Will be sWitched to 
the output of the sub -DAC regardless of the values of the eight 
LSBs. The fully off sub-DAC(s) Will also essentially ignore 
the eight LSBs, because all the current sources Within a fully 
off sub-DAC Will not be sWitched to the output of the sub 
DAC regardless of the values of the eight LSBs. HoWever, the 
most signi?cant sub-DAC turned on, Which can be partially 
on (or fully on), uses the eight LSBs D[720] to determine 
Which current sources Within the sub-DAC should be selec 
tively sWitched to the output of the sub-DAC. 
As also shoWn in FIG. 3, each of the sub-DACs 310_1, 

310_2, 310_3 and 310_4 receives a corresponding reference 
current Irefx, labeled Iref1, Iref2, Iref3 and Iref4, respec 
tively. In accordance With embodiments of the present inven 
tion, each reference current is programmable or otherWise 
controllable, so that the DAC transfer function of DAC 300 
can be controlled by separately controlling the transfer func 
tion (and thus, the gain) of each sub-DAC 310. 

In speci?c embodiments, as shoWn in FIG. 3, each of the 
reference currents is generated using a corresponding gain 
DAC 312 that receives a digital value from one or more 
corresponding register(s) 314, or portions thereof. For sim 
plicity, it Will be assumed that each gain-DAC 312 receives a 
digital value from a corresponding gain control register 
314_1, 314_2, 314_3 and 314_4, collectively referred to as 
gain control registers 314. The gain control registers 314 are 
shoWn as being connected to a bus 316, Which is connected to 
an interface 318, that enables the programming of the regis 
ters 314. The interface 318 can be, e.g., a serial to parallel 
interface or a parallel to parallel interface, but is not limited 
thereto. 

Assuming that Irefx is produced at the output of a gain 
DAC 314_x (also referred to as gain_DACx), and that each 
gain-DAC receives substantially the same reference current 
Io, then an exemplary transfer function of each gain-DACx 
can be Irefx:(reg_value_x)*Io. Io can be produced, e.g., 
using a single current source, and multiple versions of Io can 
be replicated using one or more current mirrors. Assuming 
that the transfer function of a partially on sub-DACx is 
Ioutx:Irefx*Dx, Where Dx is the digital input to the sub 
DACx (e. g., Dx can be D[7:0]), then the transfer function of 
a partially on sub_DACx can be rewritten as Ioutx:(reg_val 
ue_x)*Io*(the actual digital input to the sub-DACx). The 
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6 
transfer function of a fully on sub_DACx could similarly be 
expressed as Ioutx:(reg_value_x)*Io*(the maximum digital 
input to the sub-DACx), since all the current sources Within a 
fully on sub-DAC Will be sWitched to the output of the sub 
DAC regardless of the digital input to the sub-DAC. The 
transfer function of a fully off sub_DACx could simply be 
Ioutx:0, since all the current sources Within a fully off sub 
DAC Will not be sWitched to the output of the sub-DAC 
regardless of the digital input to the sub-DAC. 

To add an offset [3 to the above transfer function, an addi 
tional offset sub-DAC (not shoWn) can be added, Which 
receives an offset value (reg_value_[3) input from an offset 
register. Such a register can be programmed, e.g., via the bus 
316 and interface 318. Such an offset sub-DAC can be Within 
the DAC 300, or external the DAC 300. Where such an offset 
sub-DAC is used to provide a threshold current to a laser 
diode, the offset sub-DAC may be referred to as a threshold 
DAC. 

In the above described manner, a desired pieceWise linear 
DAC can be achieved, Where each sub-DAC (e. g., 310) has a 
substantially linear transfer function, but the larger DAC 
(e.g., 300) can have a desired non-linear (but continuous) 
transfer function. As can be appreciated from FIG. 2C, 
embodiments of the present invention can be used to purpose 
fully produce a nonlinear transfer function (e. g., resembling 
line 213) through adjustments of the reference currents to 
thereby achieve the inverse of another transfer function (e.g., 
resembling line 221), to effectively achieve a linear system 
transfer function (e.g., resembling line 223). The appropriate 
reference currents can be achieved in various Ways, only 
some of Which are mentioned herein. For non-time varying 
linearities, the reference currents provided to the sub-DACs 
can be determined empirically, e.g., using lab experiments, 
and digital values de?ning the reference currents can be 
loaded into the DAC (e. g., into the gain control registers 314) 
after a factory calibration. For relatively sloW time varying 
nonlinearities (e.g., due to aging of a laser diode), reference 
currents (and more speci?cally the digital values used to 
de?ne the same) can be adjusted through a feedback loop, 
e.g., during a foreground start up calibration. For relatively 
fast time varying nonlinearities (e.g., due to changes in tem 
perature of a laser diode), reference currents (and more spe 
ci?cally the digital values used to de?ne the same) can be 
adjusted through a real time calibration (foreground or back 
ground). 
The DAC 300, and similar programmable DACs in accor 

dance With embodiments of the present invention, can be used 
in various applications, e.g., in hand-held projectors (that are 
often referred to as picoprojectors). Embodiments of the 
present invention provide the capability to externally modify 
a DAC transfer function, Which as described above, can be 
used to counteract knoWn nonlinearities of a load (e.g., laser 
diode) being driven using the DAC, as Well as other system 
nonlinearities. Additionally, embodiments of the present 
invention provide the capability to automatically calibrate a 
DAC transfer function to compensate for potentially time 
varying nonlinearities. Further, as Will be described beloW, 
embodiments of the present invention can also be used to 
enable poWer savings. 
Embodiments of the present invention enable pieceWise 

lineariZation to be performed in the analog domain, thereby 
avoiding resolution loss that Would otherWise result if linear 
iZation took place in the digital domain. In particular, pre 
distor‘ting the digital input to a DAC to counteract potential 
nonlinearities, Would effectively reduce the available resolu 
tion of the DAC, since part of the available resolution Would 
be allocated to pre-distortion. Embodiments of the present 
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invention can be used to avoid any necessity of such pre 
distortion. Nevertheless, embodiments of the present inven 
tion are also useful Where pre-distortion is performed. 

In FIG. 3, the DAC 300 can be thought of as being divided 
into four segments, Where each segment includes a sub-DAC 
310, a corresponding gain-DAC 312 and a corresponding 
portion of the gain control registers 314 that speci?es the 
value provided to the gain-DAC. While the DAC 300 Was 
shoWn to including four segments, other numbers of segments 
can be used. For example, in a speci?c embodiment, the DAC 
300 includes sixteen segments (and thus, sixteen sub-DACs 
and sixteen gain-DACs). 

Splitting a DAC (e.g., 300) into multiple (N) segments to 
create the pieceWise linear functionality effectively splits the 
poWer intensive support circuitry required to drive the DAC 
into N segments driving each of the sub-DACs. Since each 
sub-DAC presents ~l/N of the total DAC load, its supporting 
circuitry is ~l/N of that required to drive the total DAC, thus 
creating no more signi?cant area or poWer overhead com 
pared to conventional segmented DAC schemes. Moreover, 
splitting the support circuits into N segments enables selec 
tive disabling of certain segments (or portions thereof) that 
are not being used, thereby providing better poWer e?iciency 
than conventional segmented DAC schemes. 

While each gain-DAC 312 is described as being a current 
DAC, in alternative embodiments each gain-DAC can be a 
voltage DAC that produces a reference voltage output that is 
converted to a reference current, e.g., using a transconduc 
tance circuit. 

In further embodiments, the function of the registers 314 
and gain-DACs 312 can be replaced With analog circuitry that 
provides a separately controlled reference current for each of 
the sub-DACs. For example, refreshable and controllable 
sample-and-holds or analog memory cells (e.g., analog non 
volatile memory (ANVM) cells), or the like, and correspond 
ing transconductance circuitry can be used to provide a sepa 
rately controlled reference current for each of the sub -DACs. 

FIG. 4 illustrates an exemplary miniature projector display 
device 400, according to an embodiment of the present inven 
tion, Which includes a plurality of DACs 409, one or more of 
Which can be implemented as a programmable segmented 
DAC 300, described above. The miniature projector device 
400 can be integrated With or attached to a portable device, 
such as, but not limited to, a mobile phone, a smart phone, a 
portable computer (e. g., a laptop or netbook), a personal data 
assistant (PDA), or a portable media player (e.g., DVD 
player). The miniature projector device 400 can alternatively 
be integrated With or attached to a non-portable device, such 
as a desktop computer or a media player (e. g., a DVD player), 
but not limited thereto. 

Referring to FIG. 4, the projector display device 400 is 
shoWn as including a video source 402, a video analog front 
end (AFE) 404, a controller 406 (Which can be an application 
speci?c integrated circuit and/or a micro-controller), a laser 
diode driver (LDD) 408 and a voltage regulator 410. The 
video AFE 404 can include, e.g., one or more analog-to 
digital converters (ADCs), and may not be needed Where the 
video source is a digital video source. The controller 406 can 
perform scaling and/ or pre-distortion of video signals before 
such signals are provided to the LDD 408. The voltage regu 
lator 410 (e.g., a quad-output adjustable DC-DC buck-boost 
regulator) can convert a voltage provided by a voltage source 
(e.g., a battery or AC supply) into the various voltage levels 
(e. g., four voltage levels V1, V2, V3 and V4) for poWering the 
various components of the projector display device 400. 

The LDD 408 is shoWn as including three DACs 409 and a 
data interface 422, Which can be, e.g., an Inter-Integrated 
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Circuit (12C) interface, but is not limited thereto. The LDD 
408 also includes registers, and the like, Which are not shoWn. 
One or more of the DACs 409 can be implemented as a 
programmable segmented DAC 300 of an embodiment of the 
present invention, as mentioned above. The DACs 409 of the 
LDD 408 drive laser diodes 412, Which can include, e.g., a 
red, a green and a blue laser diode, but are not limited thereto. 
The use of alternative light emitting elements, such as light 
emitting diodes (LEDs), etc., is also possible. The light pro 
duced by the laser diodes 412 or other light emitting elements 
can be provided to beam splitters 414, Which can direct a 
small percentage of the light toWard one or more calibration 
photo-detectors (PDs) 420, and direct the remainder of the 
light toWard projector optics 416, Which include lenses, mir 
rors, re?ection plates and/ or the like. The light output by the 
optics 416 can be provided to one or more micro mirror(s) 
418. The mirror(s) 418 can be controlled by the controller 
406, or another portion of the system, to raster-scan re?ected 
light onto a surface, e. g., a screen, a Wall, the back of a chair, 
etc. 

Laser diodes 412, especially green laser diodes, can exhibit 
a nonlinear current to light transfer function (e. g., resembling 
line 221 in FIG. 2C). Further, a signal path of the laser diode 
driver 408 may exhibit a nonlinear input to output transfer 
function due to process, poWer and design constraints. One or 
more programmable segmented DACs of the present inven 
tion can be used to calibrate out these and possibly other 
system nonlinearities. For example, a programmable seg 
mented DAC 300 can be used to implement the DAC 4092 that 
is used to drive the green laser diode 412. 

Referring to FIG. 5, assume that a transfer function of the 
green laser diode 412 and related portions of the LDD 408 
(used to drive the green laser diode 412) is represented by line 
521, but the desire is that the light output by the green laser 
diode is linear (represented by line 523) in response to a 
digital input signal. To achieve this, the desired DAC transfer 
function may resemble line 513, so that the effective transfer 
function of the DAC 4092 (and other related portions of the 
LDD 408) in combination With the green laser diode 412 
resembles line 523 in FIG. 5. Embodiments of the present 
invention, described above, can be used to purposely achieve 
a DAC transfer function resembling line 513, or some other 
desired transfer function. 
An exemplary calibration procedure Will noW be described 

With reference to FIGS. 3, 4 and 5. Again, presume that the 
desire is to cause the effective transfer function of the LDD 
408 in combination With the green laser diode 412 to resemble 
line 523 in FIG. 5. Referring to FIG. 3, initially the least 
signi?cant sub-DAC 310_1 (of the DAC 4092 implemented as 
a programmable segmented DAC) is turned fully on, and the 
more signi?cant sub-DACs 310_2, 310_3, etc. are turned 
fully off, by providing the appropriate digital signal (e.g., 
D[9:0] gm”) to the input of the DAC 4092. Referring to FIG. 4, 
this Will result in the green laser diode 412 being driven by a 
current indicated by the digital signal, and one or more cali 
bration PD(s) 420 detecting a portion of the green light as 
directed toWard the PD(s) 420 by one of the beam splitters 
414. The output of the calibration PD(s) 420 is provided as 
feedback to the LDD 408 and/or the controller 406, or a 
separate calibration block. This feedback can be used to 
increase or decrease the gain provided by the sub-DAC 
310_1, Which can be achieved by increasing or decreasing the 
value Within the register(s) 314_1. This has the effect of 
changing the lref1 current output by the gain-DAC1 312_1, 
Which provides the reference current lref1 to the sub-DAC 
310_1. Such adjustments to the gain provided by the sub 
DAC 310_1 are made in an effort to cause the light output by 
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the green laser diode 412 to be Within a speci?ed tolerance of 
a predetermined amount of light Which is desired When that 
speci?c digital signal is provided to the input of the DAC 
4092. In other Words, the gain of the sub-DAC 310_1 can be 
adjusted so the light output by the green laser diode in 
response to the predetermined digital signal input to the DAC 
falls on line 523 in FIG. 5. 

Next, the tWo least signi?cant sub-DACs 310_1 and 310_2 
(of the DAC 4092 implemented as a programmable seg 
mented DAC) are turned fully on, and the more signi?cant 
sub-DACs 310_3, etc. are turned fully off, by providing the 
appropriate digital signal (e.g., D[9:0]gmn) to the input of the 
DAC 4092. This Will result in the green laser diode 412 being 
driven by a current indicated by the digital signal, and one or 
more calibration PD(s) 420 detecting a portion of the green 
light as directed toWard the PD(s) 420 by one of the beam 
splitters 414. The output of the calibration PD(s) 420 is pro 
vided as feedback to the LDD 408 and/ or the controller 406, 
or a separate calibration block. This feedback can be used to 
increase or decrease the gain provided by the sub-DAC 
310_2, Which can be achieved by increasing or decreasing the 
value Within the register(s) 314_2. This has the effect of 
changing the Iref2 current output by the gain-DAC1 312_2, 
Which provides the reference current lref2 to the sub-DAC 
310_2. Such adjustments to the gain provided by the sub 
DAC 310_2 are made in an effort to cause the light output by 
the green laser diode 412 to be Within a speci?ed tolerance of 
a predetermined amount of light Which is desired When that 
speci?c digital signal is provided to the input of the DAC 
4092. This procedure is repeated for the additional sub-DACs 
of the DAC 4092, until all the sub-DACs are turned fully on 
and each of the sub-DACs has been calibrated. 

This calibration procedure Will noW be summarized With 
reference to the high level How diagram of FIG. 6. Such a 
calibration procedure is especially useful for calibrating a 
system that includes a digital to analog converter (DAC) 
including a plurality of sub-DACs, a light emitting element 
(e.g., a laser diode), and at least one photo-detector. In this 
system, the DAC is adapted to receive a multi-bit digital input 
and output an analog output current in response to and indica 
tive of the digital input received by the DAC. Currents output 
by the sub-DACs are combined to provide the analog output 
current that is output by the DAC. Further, the light emitting 
element (e.g., the laser diode) is adapted to be driven in 
dependence on the analog output current output by the DAC. 

Referring to FIG. 6, at step 602 a count (N) is initialiZed to 
equal 1. At step 604, the DAC is provided With a predeter 
mined digital input that causes the Nth least signi?cant one of 
the sub-DACs to be turned fully on, all less signi?cant ones of 
the sub-DACs, if any, to also be turned fully on, and all more 
signi?cant ones of the sub-DACs, if any, to be turned fully off. 
At step 606, a portion of the light produced by the light 
emitting element, in response to the predetermined digital 
input provided to the DAC at step 604, is detected to produce 
a signal indicative of an amount of light output by the light 
emitting element. At step 608, a gain of the most signi?cant 
one of the sub-DACs that is turned fully on is adjusted so that 
the amount of light output by the light emitting element is 
Within a speci?ed tolerance of a predetermined amount of 
light Which is desired When the predetermined digital input is 
provided to the DAC at step 604. 

At step 610, N is incremented so that N:N+l.At step 612, 
N is compared to the total number of sub-DACs in the DAC. 
If N is not greater than the total number of sub-DACs, then 
?oW returns to step 604. If N is greater than the total number 
of sub-DACs, then the calibration procedure ends. 
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In accordance With an embodiment, the predetermined 

digital inputs provided to the DAC at step 604 are pro 
grammed into the system. In an embodiment, the gains of the 
sub-DACs are adjusted at step 608 by modifying digital val 
ues stored in gain control registers of the system. 
The above described calibration procedure can be auto 

matically performed at poWer-up of a projector and thereafter 
from time to time (e.g., once every feW millisecond), and can 
be performed during one or more blanking periods of a video 
signal. 
While various embodiments of the present invention have 

been described above, it should be understood that they have 
been presented by Way of example, and not limitation. It Will 
be apparent to persons skilled in the relevant art that various 
changes in form and detail can be made therein Without 
departing from the spirit and scope of the invention. 
The breadth and scope of the present invention should not 

be limited by any of the above-described exemplary embodi 
ments, but should be de?ned only in accordance With the 
folloWing claims and their equivalents. 
What is claimed is: 
1. A digital to analog converter (DAC), comprising: 
a DAC input adapted to receive a multi-bit digital input; 
a DAC output adapted to output an analog output current in 

response to and indicative of the digital input; 
a plurality of sub-DACs; and 
a plurality of gain control registers comprising a separate 

gain control register corresponding to each of the plu 
rality of sub-DACs; 

Wherein currents output by the sub -DACs are combined to 
provide the analog output current that is output at the 
DAC output; 

Wherein each said sub-DAC is adapted to receive a separate 
reference current that speci?es a transfer function of the 
sub-DAC; and 

Wherein a transfer function of the DAC is modi?able in a 
piece-Wise linear manner by modifying one or more 
digital values stored in the gain control registers, Which 
modi?es one or more of the reference currents provided 
to the sub-DACs. 

2. A digital to analog converter (DAC), comprising: 
a DAC input adapted to receive a multi-bit digital input; 
a DAC output adapted to output an analog output current in 

response to and indicative of the digital input; 
a plurality of sub-DACs; 
a separate gain-DAC corresponding to each of the plurality 

of sub-DACs; 
Wherein currents output by the sub -DACs are combined to 

provide the analog output current that is output at the 
DAC output; 

Wherein each said sub-DAC is adapted to receive a separate 
reference current that speci?es a transfer function of the 
sub-DAC; 

Wherein a magnitude of the reference current provided to 
each said sub-DAC is separately programmable to 
thereby separately control a gain of each said sub-DAC; 

Wherein each gain-DAC provides the reference current to 
its corresponding sub-DAC; and 

Wherein each gain-DAC receives at its input a digital value 
that speci?es the magnitude of the reference current that 
the gain-DAC provides to its corresponding sub-DAC. 

3. The DAC of claim 2, further comprising: 
registers adapted to store a separate digital value for each of 

the gain-DACs; 
Wherein the stored digital values are used by the gain 
DACs to generate the reference currents that are pro 
vided to the sub-DACs. 
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4. The DAC of claim 3, wherein a change to a digital value 
stored for one of the gain-DACs changes the reference current 
produced by the one of the gain-DACs, Which changes the 
gain of the sub -DAC that receives the changed reference 
current. 

5. The DAC of claim 4, Wherein a transfer function of the 
DAC can be modi?ed in a piece-Wise linear manner by modi 
fying one or more of the digital values stored in the registers, 
Which modi?es one or more of the reference currents pro 

vided by the gain-DACs to the sub-DACs. 
6. A digital to analog converter (DAC), comprising: 
a DAC input adapted to receive a multi-bit digital input; 
a DAC output adapted to output an analog output current in 

response to and indicative of the digital input; 
a plurality of sub-DACs; 
a threshold-DAC adapted to produce an analog threshold 

current that is added to currents output by the sub-DACs 
to provide the analog output current that is output at the 
DAC output; and 

one or more registers adapted to store a digital value that 
the threshold-DAC converters to the analog threshold 
current; 

Wherein each said sub-DAC is adapted to receive a separate 
reference current that speci?es a transfer function of the 
sub-DAC; 

Wherein a magnitude of the reference current provided to 
each said sub-DAC is separately programmable to 
thereby separately control a gain of each said sub-DAC; 
and 

Wherein the threshold-DAC adds an offset to a transfer 
function of the DAC. 

7. A method for performing a digital to analog conversion 
using a digital to analog converter (DAC) including a plurality 
of sub-DACs, comprising: 

specifying a piece-Wise linear transfer function for the 
DAC by specifying a separate transfer function for each 
of the sub -DACs, Wherein specifying a separate transfer 
function of each of the sub-DACs comprises providing a 
separate reference current to each of the sub-DACs by 
storing a separate gain value for each of the sub-DACs; 

receiving, at an input of the DAC, a multi-bit digital input; 
selectively turning on one or more of the sub-DACs, or 

portions thereof, based on the received digital input, to 
thereby produce one or more currents at outputs of the 
sub-DACs; and 

producing, at an output of the DAC, an analog output 
indicative of the digital input, by combining the currents 
produced by the sub-DACs. 

8. A method for performing a digital to analog conversion 
using a digital to analog converter (DAC) including a plurality 
of sub-DACs, comprising: 

specifying a transfer function of each of the sub-DACs by 
providing a separate reference current to each of the 
sub -DACs, Wherein a magnitude of the reference current 
provided to each said sub-DAC is separately program 
mable; 

receiving, at an input of the DAC, a multi-bit digital input; 
selectively turning on one or more of the sub-DACs, or 

portions thereof, based on the received digital input, to 
thereby produce one or more currents at outputs of the 

sub-DACs; 
producing, at an output of the DAC, an analog output 

indicative of the digital input, by combining the currents 
produced by the sub-DACs; 

storing a separately programmable digital value for each of 
the sub-DACs; and 
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separately producing each of the reference currents by 

separately converting each of the programmable digital 
values into one of the reference currents using a separate 
gain-DAC. 

9. The method of claim 8, Wherein the DAC has a piece 
Wise linear transfer function de?ned by the transfer functions 
of the plurality of sub-DACs, and further comprising: 

modifying the piece-Wise linear transfer function of the 
DAC by modifying one or more of the separately pro 
grammable digital values. 

10. The method of claim 8, further comprising: 
modifying the gain of one of the sub-DACs by modifying 

the digital value stored for the one of the sub-DACs. 
11. The method of 10, further comprising: 
separately modifying the gain of another one of the sub 
DACs by modifying the digital value stored for the 
another one of the sub-DACs. 

12. A system, comprising: 
a plurality of digital to analog converters (DACs) each of 

Which is adapted to receive a separate multi-bit digital 
input and output a separate analog output current in 
response to and indicative of the digital input received by 
the DAC; 

a plurality of light emitting elements, each of Which pro 
duces light of a different Wavelength, and each of Which 
is adapted to be driven in dependence on one of the 
analog output currents output by one of the DACs; 

Wherein at least one said DAC includes a plurality of sub 

DACs; 
Wherein currents output by the sub -DACs are combined to 

provide the analog output current that is output by the 
said DAC; 

Wherein each said sub-DAC is adapted to receive a separate 
reference current that speci?es a transfer function of the 

sub-DAC; and 
Wherein a magnitude of the reference current provided to 

each said sub-DAC is separately programmable to 
thereby separately control a gain of each said sub-DAC. 

13. The system of claim 12, Wherein the plurality of light 
emitting elements include a red laser diode, a green laser 
diode and a blue laser diode. 

14. The system of claim 13, further comprising: 
one or more photo-detectors adapted to detect a portion of 

the light produced by at least the green laser diode and to 
produce a signal indicative of the light output by the 
green laser diode. 

15. The system of claim 14, Wherein a said DAC that 
produces the analog output current, in dependence on Which 
the green laser diode is driven, comprises a said plurality of 
said sub-DACs. 

16. The system of claim 15, further comprising: 
registers adapted to store digital values in dependence on 

Which are produced the reference currents provided to 
the said sub-DACs of the said DAC that produces the 
analog output current, in dependence on Which the green 
laser diode is driven; 

Wherein the stored digital values are adapted to be auto 
matically modi?ed so that a desired transfer function is 
achieved for the light output by the green laser diode. 

17. The system of claim 16, further comprising: 
a plurality of gain-DACs adapted to convert the digital 

values stored in said registers to the reference currents 
provided to said sub-DACs of the said DAC that pro 
duces the analog output current, in dependence on Which 
the green laser diode is driven. 
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18. The system of claim 12, wherein the said DAC that 
produces the analog output current, in dependence on Which 
the green laser diode is driven, further comprises: 

a threshold-DAC adapted to produce an analog threshold 
current that is added to the currents output by said sub 
DACs to produce that analog output current in depen 
dence on Which the green laser diode is driven; and 

one or more registers adapted to store a digital value that 
the threshold-DAC converters to the analog threshold 
current. 

19. A method for performing a calibration of a system 
including 

a digital to analog converters (DAC) including a plurality 
of sub-DACs, 

a light emitting element, and 
at least one photo-detector, 
Wherein the DAC is adapted to receive a multi-bit digital 

input and to output an analog output current in response 
to and indicative of the digital input received by the 
DAC, 

Wherein currents output by the sub-DACs are combined to 
provide the analog output current that is output by the 
DAC, and 

Wherein the light emitting element is adapted to be driven 
in dependence on the analog output current output by the 
DAC; 

Wherein the method comprises: 
(a) providing the DAC With a predetermined digital input that 
causes 

at least one of the sub-DACs to be turned fully on, 
all less signi?cant ones of the sub-DACs, if any, to also be 

turned fully on, and 
all more signi?cant ones of the sub-DACs, if any, to be 

turned fully off; 
(b) detecting a portion of the light produced by the light 
emitting element, in response to the predetermined digital 
input provided to the DAC at step (a), to produce a signal 
indicative of an amount of light output by the light emitting 
element; and 
(c) adjusting a gain of the most signi?cant one of the sub 
DACs that is turned fully on so that the amount of light output 
by the light emitting element is Within a speci?ed tolerance of 
a predetermined amount of light Which is desired When the 
predetermined digital input is provided to the DAC at step (a). 

20. The method of claim 19, Wherein: 
steps (a), (b) and (c) are preformed for each of the sub 
DACs of the DAC each time a calibration of the system 
is to be performed; 
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a ?rst time steps (a), (b) and (c) are performed, during a said 

calibration, only the least signi?cant one of the sub 
DACs is turned fully on and all of the more signi?cant 
ones of the sub-DACs are turned fully off; 

a second time steps (a), (b) and (c) are performed, during 
the said calibration, only the ?rst and second least sig 
ni?cant ones of the sub-DACs are turned fully on and all 
of the more signi?cant ones of the sub-DACs are turned 

fully off; . . . 

a Mth time steps (a), (b) and (c) are performed, during the 
said calibration, the M least signi?cant ones of the sub 
DACs are turned fully on and all of the more signi?cant 
ones of the sub-DACs are turned fully off; . . . and 

a last time steps (a), (b) and (c) are performed, during the 
said calibration, all of the sub-DACs are turned fully on. 

21. The method of claim 19, Wherein: 
the predetermined digital inputs provided to the DAC at 

step (a) are programmed into the system; and 
the gains of the sub-DACs are adjusted at step (c) by 

modifying digital values stored in registers of the sys 
tem. 

22. The method of claim 21, Wherein the method is auto 
matically performed by the system. 

23. The method of claim 21, Wherein the method is per 
formed during blanking periods of a video signal provided to 
the system. 

24. A method for performing a digital to analog conversion 
using a digital to analog converter (DAC) including a plurality 
of sub-DACs, comprising: 

specifying a separate transfer function of each of the sub 
DACs by providing a separate reference current to each 
of the sub-DACs, Wherein a magnitude of the reference 
current provided to each said sub-DAC is separately 
programmable; 

receiving, at an input of the DAC, a multi-bit digital input; 
selectively turning on one or more of the sub-DACs, or 

portions thereof, based on the received digital input, to 
thereby produce one or more currents at outputs of the 

sub-DACs; 
producing an analog threshold current; and 
producing, at an output of the DAC, an analog output 

indicative of the digital input plus an offset, by combin 
ing the currents produced by the sub-DACs and the 
analog threshold current. 


